Three signal transduction pathways, dependent on cGMP and/or calcium, are utilized by phytochrome to control the expression of genes required for chloroplast development and anthocyanin biosynthesis in plant cells. For example, cbs is controlled by a cGMP-dependent pathway, cab is controlled by a calcium-dependent pathway, and far is regulated by a pathway that requires both cGMP and calcium. Using a soybean photomixotrophic cell culture and microinjection into the cells of a phytochrome-deficient tomato mutant, we have studied the regulatory mechanisms acting within and between these three signaling pathways. We provide evidence that changes in cGMP levels mediate the observed induction and desensitization of cbs gene expression in response to light and demonstrate that high cGMP concentrations cause negative regulation of both the calcium-and the calcium/cGMP-dependent pathways. Conversely, high activity of the calcium-dependent pathway can negatively regulate the cGMP-dependent pathway. We have termed these opposing regulatory mechanisms reciprocal control. In all cases, the molecules that are involved appear to be downstream components of the signal transduction pathways, rather than calcium and cGMP themselves. Furthermore, we have found that the calcium/cGMP-dependent pathway has a lower requirement for cGMP than does the cGMP-dependent pathway. The role of these phenomena in the regulation of plant photoresponses is discussed.
Three signal transduction pathways, dependent on cGMP and/or calcium, are utilized by phytochrome to control the expression of genes required for chloroplast development and anthocyanin biosynthesis in plant cells. For example, cbs is controlled by a cGMP-dependent pathway, cab is controlled by a calcium-dependent pathway, and far is regulated by a pathway that requires both cGMP and calcium. Using a soybean photomixotrophic cell culture and microinjection into the cells of a phytochrome-deficient tomato mutant, we have studied the regulatory mechanisms acting within and between these three signaling pathways. We provide evidence that changes in cGMP levels mediate the observed induction and desensitization of cbs gene expression in response to light and demonstrate that high cGMP concentrations cause negative regulation of both the calcium-and the calcium/cGMP-dependent pathways. Conversely, high activity of the calcium-dependent pathway can negatively regulate the cGMP-dependent pathway. We have termed these opposing regulatory mechanisms reciprocal control. In all cases, the molecules that are involved appear to be downstream components of the signal transduction pathways, rather than calcium and cGMP themselves. Furthermore, we have found that the calcium/cGMP-dependent pathway has a lower requirement for cGMP than does the cGMP-dependent pathway. The role of these phenomena in the regulation of plant photoresponses is discussed.
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Received June 10, 1994; revised version accepted August 1, 1994. Light is an important environmental stimulus for plants. It controls many aspects of plant morphogenesis and pro vides the energy for photosynthesis. The initial event of light perception is carried out by at least three families of photoreceptors that detect different wavelengths within the visible spectrum: the phytochromes (which detect red and far red light), the blue light photoreceptors, and the ultraviolet (UV) light photoreceptors. Of these, the best characterized to date are the phytochromes (Quail 1991; Furuya 1993) . By genetic and other approaches, attempts are being made to elucidate the signal trans duction events downstream of phytochrome that lead to various plant responses (for review, see Deng 1994) .
We have been interested in understanding specifically how phytochrome controls gene expression and have de veloped an experimental system that employs microin jection to deliver signaling intermediates into the cells of a tomato mutant known as aurea, which has greatly rePtesent addiesses:^Stazione Zoologica, Villa Comunale 1, 80121 Naples, Italy; "Laboratory of Biochemistry, Faculty of Agriculture, Kobe Univer sity, Nada, Kobe 657, Japan. ^Corresponding author. duced phytochrome levels (chiefly because of reduced PhyA activity) (Neuhaus et al. 1993; Bowler et al. 1994) . Using this system, we have found that PhyA acts through heterotrimeric G protein activation to stimulate gene expression that results in chloroplast development and anthocyanin biosynthesis (Neuhaus et al. 1993) . Downstream of G-protein activation we have identified three different signal transduction pathways that are de pendent on cyclic GMP (cGMP) and calcium. The acti vation of genes encoding anthocyanin biosynthetic en zymes is dependent only on cGMP, whereas calcium (and subsequently calcium-activated calmodulin (Ca^^/ CaM) can stimulate the development of immature chloroplasts that lack two of the photosynthetic complexes, photosystem I (PSI) and cytochrome bgf (Cyt. bgf). A third pathway, dependent on both calcium and cGMP, operates to control the synthesis of these two complexes to produce a fully mature (and presumably operational) chloroplast (Neuhaus et al. 1993; Bowler et al. 1994) .
It is clearly of interest that these phytochrome signal transduction pathways are divided along functional lines, for example, photosystem II (PSII) synthesis and assembly is dependent on a signaling pathway different from that utilized for PSI. The relative inputs into these different transduction pathways may therefore be a means by which plant cells can adjust their biochemical status, particularly for controlling the levels of photoprotectants (such as anthocyanins) and the relative amounts of different photosynthetic complexes. If this were the case, one would predict the existence of cross talk mech anisms between the different phytochrome pathways, which would allow the activities of each pathway to be known by the others and would allow regulatory signals to pass between them. The study presented here was designed to detect such mechanisms by specifically ma nipulating signal flow through the different pathways. Regarding end products of the signal transduction path ways, we have followed changes in the expression of genes known to be regulated by cGMP, calcium, or both in a photomixotrophic soybean cell culture, SB-P (Horn et al. 1983 ). In addition, we have performed equivalent experiments using our microinjection approach in auiea cells. Experiments with the SB-P cells have the advan tage that they produce quantitative data about gene ex pression, whereas microinjection in aurea allows analy sis in a phytochrome-compromised background and al lows the direct manipulation of the components of the signal transduction pathways themselves. As expected, our results suggest the existence of cross-talk mecha nisms that control the activities of these signal trans duction pathways and ultimately gene expression. In particular, we provide evidence for a novel mechanism of control in which a positive regulator of one signal trans duction pathway can negatively regulate another path way, and vice versa, a phenomenon that we propose to call reciprocal control.
Results

chs gene expression displays desensitization and adaptation
We and others have shown previously that several genes are induced in soybean SB-P cultures exposed to light and that phytochrome is a mediator of this inducibility (Lam et al. 1989; Romero and Lam 1993; Bowler et al. 1994) . To examine further the signaling mechanisms that control this regulation, we chose to study represen tative genes induced by each of the phytochrome signal transduction pathways characterized previously. As a target of the cGMP pathway we studied chalcone syn thase [chs, a gene encoding an anthocyanin biosynthetic enzyme), as a target of the calcium pathway we used cab (a gene encoding a PSII chlorophyll a,b-binding protein [Ihcbl*!] (Jansson et al. 1992 ) from the light-harvesting complex (LHCII), and as a target of the calcium/cGMP pathway we studied expression of the gene encoding the PSI component ferredoxin NADP"^ oxidoreductase [fnr).
As shown in Figure la , when 3-day-dark-adapted cul tures were exposed to white light for extended periods of time the light induction profiles of the three genes were very different. The cab gene was induced strongly up to 7 hr and then decreased gradually before rising again af ter 21 hr. Such a pattern of expression is similar to that observed when etiolated seedlings are exposed to light (e.g., Millar et al. 1992) , and the second peak is thought to be controlled by the circadian clock. This similarity suggests that cab gene regulation in the soybean culture may also be under circadian control.
chs and fnr mRNA levels clearly do not cycle, how ever. In response to light, fnr mRNA abundance in creases steadily and then plateaus, whereas chs mRNA increases very rapidly and reaches a maximum after ~3 hr (Fig. la) . Subsequently, transcript levels decline sharply and by 7 hr chs mRNA is again at levels found in dark-adapted cultures. Typically, it does not rise again. Such a transient pattern is similar to that observed pre viously for chs mRNA levels and for chs gene transcrip tion in irradiated parsley cell cultures (Bruns et al. 1986; Ohl et al. 1989) . Furthermore, the synthesis of anthocy anin biosynthetic enzymes and the expression of genes encoding them (such as chs] follow similar transient pat- Gene photoinduction in dark-adapted cultures. Three-day-dark-adapted SB-P cells were exposed to light (50 ixmoles/meter per sec) for the times indicated. Note that cab mRNA levels appear to display a circadian rhythm, whereas chs mRNA is induced rapidly and then returns to dark levels.
( b] Adaptation of gene expression to light of different intensities. Dark-adapted cells were exposed initially to low-intensity white light (2.5 (xmoles/meter per sec); (Low) for 10 hr and were then divided into two. For a further 10 hr, one was maintained at the low light intensity while the other was shifted to a higher light intensity (50 ixmoles/meter per sec); (High). Times are indicated in hours.
terns in germinating seedlings of some plant species. This has been interpreted as an adaptive phenomenon for photoprotection in a newly irradiated plant (Mohr and Drumm-Herrel 1983; Brodenfeldt and Mohr 1988; Kubasek et al. 1992) . Additionally, this transient pattem of expression is highly reminiscent of the desensitization phenomena de scribed in animal cells, in which continued exposure to a stimulus results in alterations in the sensitivity and responsiveness to it. In many cases, these alterations are brought about by modulating the flow of information through signal transduction pathways, which can even tually switch themselves off in spite of continued stim ulation (e.g., see Koutalos and Yau 1993; Lefkowitz 1993) . If the decrease in chs mRNA observed in SB-P cells after 3 hr light irradiation was a result of desensi tization, we would predict that when a culture that has been adapted to one light intensity was exposed to a higher intensity there would be another peak of expres sion followed by subsequent adaptation to the new in tensity. This was tested by exposing dark-adapted cul tures to low-intensity light for 10 hr and then shifting them to a higher light intensity, chs expression in re sponse to light of low intensity was typical in that mRNA abundance was maximal at 3 hr and then de creased rapidly, but subsequent exposure to the higher light intensity resulted in another peak of expression that decreased normally (Fig. lb) , cab and fni were in duced weakly by low-intensity light and were then in duced more strongly by the higher light intensity (Fig.  lb) .
Modulation of cGMP levels controls chs gene expression
The phytochrome-stimulated induction of chs and the whole anthocyanin biosynthetic pathway have been shown to be mediated by cGMP (Bowler et al. 1994) . Furthermore, we have found that if a membrane-perme able nonhydrolyzable cGMP analog (8-Br-cGMP) is used as the agonist of chs expression instead of light, chs ex pression is maintained at high levels indefinitely (Bowler et al. 1994) . This indicates that light may normally affect chs expression by initially stimulating an increase in cGMP concentrations (leading to chs induction) and then a decrease (leading to chs desensitization). To test this possibility we studied the effects of 8-Br-cGMP in more detail.
If 8-Br-cGMP (50 \XM] was added to dark-adapted cul tures that were subsequently exposed to light, chs induc tion was stronger than usual and mRNA levels no longer decreased after 3 hr (Fig. 2a) . Furthermore, addition of 8-Br-cGMP at the 3-hr peak of chs expression resulted in the maintenance of high mRNA levels for at least an other 8 hr (Fig. 2b) . We also found that if 8-Br-cGMP was added to a light-adapted culture (defined here as a 3-daydark-adapted culture that has been exposed to light for 10 hr or more), in which chs mRNA levels are minimal, it was able to stimulate chs expression again and mRNA levels did not subsequently decrease (Fig. 2c) . These data thus reinforce our hypothesis that cGMP is sufficient to stimulate chs expression and show that it is able to do so in both dark-and light-adapted cultures as well as in light-induced cultures. Because 8-Br-cGMP is nonhydro lyzable, the observation that it stimulates chs gene ex pression that does not attenuate would indicate that re ductions in cGMP concentrations mediated by light are responsible for chs desensitization under normal condi tions.
Interestingly, the increases in chs expression mediated by 8-Br-cGMP were reflected by a decrease in the cab mRNA levels in these cultures . This was also found to be the case for fnr mRNA (data not shown). This suggested that in addition to being a positive regulator of Note that in all three cases, the increase in chs mRNA levels is accompanied by a parallel decrease in cab mRNA. Times are indicated in hours. In each case, the experimental design is schematized above the actual results.
Regulation of phytochrome signal tiansduction chs, cGMP may also have a role in down-regulating the calcium pathway. Although these and our previous data (Bowler et al. 1994 ) identify cGMP as a likely candidate for controlling the phytochrome-induced expression pattern of chs, they do not indicate whether phytochrome acts by regulating cGMP synthesis [via guanylyl cyclase (GC)], hydrolysis [via cGMP-dependent phosphodiesterase (PDE)], or both. In a first attempt to distinguish between these possibil ities we examined the effects of compounds, character ized previously in animal cells, which are able to mod ulate the activities of these enzymes and result in in creased levels of cGMP. Sodium nitroprusside (SNP) generates nitric oxide (NO), which activates GC (Tremblay et al. 1988; Moncada et al. 1991) , whereas zaprinast (M -I-B 22,948) is a highly specific inhibitor of PDE (Beavo and Reifsnyder 1990) .
In dark-adapted cultures we found that SNP (100 JJLM) could stimulate chs expression in the dark in much the same way as 8-Br-cGMP; induced levels were similar, and the kinetics of induction and maintenance of expres sion levels were generally equivalent (Fig. 3a) . Zaprinast, however, was not able to promote a response (Fig. 3a) . In light-adapted cultures the effects of 8-Br-cGMP and SNP were again highly similar, but in this case zaprinast (100 |XM) could promote an induction (Fig. 3b) . The kinetics of zaprinast induction were different to the inductions me diated by 8-Br-cGMP and SNP, in that 10 hr were typi cally required for induction, whereas 8-Br-cGMP and SNP could stimulate expression within 3 hr in lightadapted cultures (Fig. 3b) . However, levels induced by zaprinast have been foimd to be maintained for up to 24 hr, like 8-Br-cGMP and SNP (data not shown).
Assuming the specificity of zaprinast, the observation that it was only effective in light-adapted and not in dark-adapted cultures would suggest that PDE (and con sequently GC) is only active in the former, that is, that there is no cGMP current in the dark. However, the ob servation that zaprinast requires 10 hr to stimulate chs in a light-adapted culture (in contrast to 3 hr for 8-BrcGMP and SNP) (Fig. 3b ) may suggest that the activity of the cyclase becomes greatly decreased in light-adapted cells (compared with light-induced cells) and that a long period of time is required to build up cGMP to signaltransducing levels. Assuming that SNP acts by modulat ing GC activity, the observation that it can stimulate chs gene expression in both light-and dark-adapted cultures would suggest that the cyclase is present in both, that is, that it does not have to be synthesized de novo in the light, but light somehow stimulates and then modulates its activity. Whether NO is the physiological activator of plant GC obviously remains to be determined.
As noted previously (Fig. 2a,b) , the increases in chs expression mediated by these compounds were accom panied by decreases in cab mRNA levels (Fig. 3) . fni mRNA followed similar patterns (data not shown). This was particularly apparent in light-adapted cultures (Fig.  3b) , because cab mRNA at the beginning of the experi ment was much more abundant than it was in darkadapted cultures. In this case, the effects of these com pounds on cab mRNA reflect either a higher decay rate or an increased efficiency of dark repression of the cab gene or both (because the incubations with the inhibitors were done in the dark). Note that the kinetics of the reciprocal effects on chs and cab are parallel, for exam ple, the reduction in cab mRNA was only apparent after 10 hr in the presence of zaprinast, whereas it was already clear after 3 hr when 8-Br-cGMP or SNP were used (Fig.  3b) .
Induction of chs is sensitive to genistein
In addition to modulating cGMP concentrations we also attempted to use compounds with known pharmacolog ical effects in animal cells to identify inhibitors that would specifically affect the cGMP pathway and not the calcium pathway. One such inhibitor that we found to be highly specific in its effect was genistein, character ized as being an inhibitor of tyrosine and histidine ki nases in animal cells (Akiyama et al. 1987; Huang et al. 1992) . Figure 4a shows that the light induction of chs was completely inhibited in the presence of genistein (75 |XM), whereas cab and fnr photoinduction were unaf fected. These results would thus identify the genisteinsensitive step as being far downstream in the cGMP pathway (see Fig. 8a , below), because it does not affect fnr photoinducibility.
It was also of interest to determine whether genistein Figure 3 . Comparison of the ability of 8-Br-cGMP, SNP, and zaprinast to stimu late chs gene expression in dark-and lightadapted SB-P cultures. In a, either 8-BrcGMP (50 f j LM) (cGMP), SNP (100 JJLM) (SNP), or zaprinast (100 |J.M) (Zap.) was added to dark-adapted cultures and sam ples were taken after a further 3 hr or 10 hr in darkness. In b, the experiment was identical except that light-adapted cells were used as starting material. As seen previously, in light-adaped cultures the in creases in chs mRNA are reflected by de creases in cab mRNA. Gen.
(cGMP), 100 JJLM SNP (SNP), or 100 p, M zaprinast (Zap.). The -and + denote the absence or presence of genistein, respectively. Following the appropriate additions, cultures (30 ml) were placed in the dark and samples were taken for RNA isolation after 10 hr. The inhibition of chs induction by genistein is accompanied by an inhibition of the increase in the dark decay rate of cab mRNA mediated by the various agonists, indicating that the negative regulation of the calcium pathway by the cGMP pathway also requires the genistein-sensitive component.
could inhibit the 8-Br-cGMP-, SNP-, and zaprinast-mediated inductions of chs. Figure 4b details results of ex periments using light-adapted cultures. Clearly, genistein v^as able to inhibit chs inductions mediated by all three of these compounds. Furthermore, v^e found that it could inhibit the inductions of chs mediated by 8-Br-cGMP and SNP in dark-adapted cultures (data not shown). These results indicate that the genistein-sensi tive component is essential for the chs induction medi ated by all of these compounds, as it is for the lightmediated induction, suggesting that the same signal transduction pathway is being activated in each case. Furthermore, the fact that it inhibits chs induction by 8-Br-cGMP indicates that the genistein-sensitive compo nent is downstream of cGMP (see Fig. 8a ). Again, as noted previously, cab mRNA levels were decreased in the presence of these compounds. Interest ingly, however, this decrease was inhibited by genistein ( Fig. 4b) , indicating that the genistein-sensitive compo nent of the cGMP pathway (or something downstream of it) is also necessary for the observed down-regulation of the calcium pathway. If this is the case, it would mean that cGMP per se was not able to modulate the calcium pathway directly, but that it acts through a downstream target which is sensitive to genistein. Again, as noted previously, changes in fni mRNA abundance were highly similar to those shown for cab mRNA (data not shown).
To test the specificity of genistein in an independent system, we utilized the aurea mutant of tomato in mi croinjection experiments similar to those reported pre viously (Neuhaus et al. 1993; Bowler et al. 1994) . Using ^-glucuronidase (Gus)-based cab-gus, chs-gus, and fnrgus as reporters for phytochrome responses we deter mined whether genistein was able to inhibit the normal induction of these reporter genes in auiea hypocotyl cells when they were coinjected with PhyA. Table 1 shows that the PhyA-stimulated induction of chs-gus, but neither cab-gus nor fni-gus, was inhibited in the presence of genistein, consistent with our RNA data from SB-P cells. Furthermore, the activation of chs-gus by the G protein activators GTP7S and cholera toxin (CTX) was also inhibited by genistein, whereas cab-gus and fni-gus were unaffected (Table 1) . To confirm that the genistein-sensitive component was distal of cGMP we incubated cGMP-injected material with genistein. As predicted from the SB-P data, the cGMP-mediated induc tion of chs-gus was inhibited by genistein (Table 1) . These results are thus consistent with those obtained from the soybean cells, suggesting that the importance of the genistein-sensitive component for the cGMP-mediated phytochrome signal transduction pathway has been well conserved in plants.
The importance of the genistein-sensitive component for phytochrome signaling is also underlined by the fact that it was able to block the phytochrome-mediated stimulation of the whole anthocyanin biosynthetic path way in auiea (Fig. 5) . However, as predicted from the soybean experiments, genistein had no effect on PhyAstimulated chloroplast development: Immunofluores cence analysis demonstrated that all of the major photosynthetic complexes [PSI, PSII, Cyt. b^f, ATP synthase, and ribulose 1,5-bisphosphate carboxylase (RUBISCO)] were present in the plastids of cells injected with PhyA and subsequently incubated in genistein (Fig. 5) . We also found that GTP^S-injected cells responded in the same way to genistein (data not shown). Taken collectively, these data confirm that the genistein-sensitive compo nent is downstream of the bifurcation between the cGMP-and the calcium/cGMP-dependent pathways (see Fig. 8a, below) .
Identification of inhibitors that block calciumdependent gene expression
The results presented above suggest that a downstream component of the cGMP pathway is able to negatively regulate the calcium pathway. It seemed possible, there fore, that one (or several) component!s) of the calcium pathway may be able to regulate the cGMP pathway in a similar fashion. To examine this, it was of interest to identify specific inhibitors that were able to block cal cium-but not cGMP-dependent gene expression. Obvi- 
Efficiency of Gus activation (expressed in %) following different treatments is shown, together with actual experimental data in parentheses (showing the total number of injections and the number of activations). Concentrations of injected materials (expressed as estimated final intracellular concentrations (Neuhaus et al. 1993 ) are as follows: (PhyA) 10,000 molecules; (GTP7S) 50 | XM (or 1 | XM when used with CTX); (CTX) > 1,000 molecules; (Ca^^) 1 \LM; (Ca^^/CaM) 10,000 molecules; (cGMP) 30-80 ^M. CaM was activated by Ca^"*^ as described previously (Neuhaus et al. 1993) . Inhibitors were used as described in Materials and methods. Results for control injections (i.e., without inhibitors) are from new experiments and are in addition to those published previously in Neuhaus et al. (1993) and Bowler et al. (1994) . (N.D.) Not done.
ous compounds to test first v^ere those that have been found to affect calcium-dependent processes in animal cells. Figure 6a shows the effects of trifluoperazine (a Ca^"^/ CaM antagonist) (Massom et al. 1990 ) on light-induced gene expression. This compound has been shown previ ously to inhibit cab photoinduction in SB-P cultures (Lam et al. 1989) . At concentrations of 25 \X,M, we con firmed that trifluoperazine was able to effectively inhibit the photoinduction of cab and that it could also inhibit the photoinduction of fni, a result we would expect from a compound that inhibits Ca^"^/CaM action (see Fig. 8 ). Interestingly, not only was chs photoinduction not in hibited but it was strongly superinduced (Fig. 6a) , sug gesting that inhibition of the calcium pathway somehow leads to stimulation of the cGMP pathway.
Similar results were observed with nifedipine, which blocks animal and plant L-type calcium channels (Schroeder and Thuleau 1991; Schumaker and Gizinski 1993) . At a concentration of 60 | XM it could totally inhibit the light induction of cab and fnr, whereas chs induction was again superinduced (Fig. 6b) . Another compound, staurosporine, which is a nonspecific inhibitior of ani mal protein kinases (Riiegg and Burgess 1989) , was foimd to give similar results when added to the cultures at a concentration of 50 nM (Fig. 6c) . Staurosporine has been used previously with suspension-cultured tomato cells, where it was found to inhibit a variety of elicitor-stimulated responses, including phosphorylation of several proteins (Felix et al. 1991) . In all three cases, then, the inhibitor-sensitive step would appear to be downstream of G-protein activation but upstream of the branchpoint between the calcium and the calcium/cGMP pathways (see Fig. 8a ). To con firm these locations we performed equivalent experi ments with these inhibitors in the microinjection exper imental system using auiea. All three compounds were able to block the PhyA-and GTP7S-stimulated expres sion of cab-gus and fni-gus, but not chs-gus (Table 1) For immunofluorescence analysis, specific antibodies against proteins of PSII and PSI were used for analysis. The examples given are with antibodies against LHCII for PSII and ferredoxin for PSI. In all immunofluorescence micrographs a narrow band filter was used to reduce the red fluorescence from chlorophyll (Zeiss special filter; narrow band green). Immunofluorescence using other anti-PSII and anti-PSI antibodies (OEEl, Dl, D2, and plastocyanin, PsaD, PsaF, respectively), together with antibodies against Cyt. bgf complex polyeptides (Cyt.bg, Cyt.f), ATP synthase (Atpa, Atp^), and RUBISCO (RbcS) all gave identical results to those shown (data not shown).
whereas trifluoperazine and staurosporine inhibited both calcium-and Ca^'^/CaM-stimulated expression of cabgus, nifedipine could not block cab-gus expression stim ulated by either of them (Table 1 ). This would indicate that the nifedipine-sensitive component lies between the G protein and calcium and that the trifluoperazineand staurosporine-sensitive components are at or down stream of Ca^"^/CaM but upstream of the bifurcation between the two calcium-dependent pathways (see Fig.  8a ).
We also observed that the development of chloroplasts induced by injection of PhyA or GTP-yS was completely inhibited in the presence of trifluoperazine, nifedipine, or staurosporine but that these compounds had no effect on the stimulation of anthocyanin pigment production by PhyA or GTP7S. Examples of this are shown in Figure  5 , with PhyA-injected cells that were subsequently in cubated in trifluoperazine, nifedipine and staurosporine.
Negative regulation of the cGMP pathway by the calcium pathway
Figure 6 a, b, and c, shows that, in addition to inhibiting calcium-dependent gene expression, trifluoperazine, ni fedipine, and staurosporine are able to superinduce chs gene expression in response to light. To examine this phenomenon further, we chose to study the effects of these compounds in more detail. The results of experi ments using trifluoperazine are shown in Figures 6d and 7. Trifluoperazine (25 [XM) is able to augment the level of chs expression at the normal 3 hr peak, whereas cab gene expression in response to light remains fully inhibited (Fig. 6d) . In addition to blocking calcium-dependent re sponses, this compound therefore appears to increase chs expression (but does not appear to affect desensitization, because chs mRNA decreases after 3 hr). Its effects on chs (but not cab or fnr) gene expression are inhibited by genistein (Fig. 6d) , showing again that the genistein-sensitive component of the cGMP pathway is critical for chs gene induction. The superinductions of chs mediated by nifedipine and staurosporine were similar to that of tri fluoperazine and were also sensitive to genistein (data not shown). We were then interested to learn whether trifluopera zine could affect the 8-Br-cGMP-mediated induction of chs. This was examined in both light-and dark-adapted cultures. In neither culture was the addition of trifluop erazine alone able to induce chs gene expression, in clear contrast to the effects of 8-Br-cGMP (Figs. 7a,b) . Further more, again unlike 8-Br-cGMP, in light-adapted cultures placed in the dark, it did not increase the decay rate of cab mRNA either (Fig. 7a) , indicating that its effects on steady-state cab mRNA levels in the light are probably not a result of mRNA destabilization but more likely reflect an interaction that affects gene expression. Inter estingly, the addition of 8-Br-cGMP, together with trif luoperazine to light-adapted cultures, led to a superin duction of chs and an increased decay rate of cab mRNA (Fig. 7a) , but in dark-adapted cultures trifluoperazine af fected neither the 8-Br-cGMP-mediated induction of chs nor the 8-Br-cGMP-mediated decrease in cab mRNA lev els (Fig. 7b) . This suggests that the trifluoperazine-sensitive component of the phytochrome-activated calcium pathway (perhaps Ca^"^/CaM), or something down- [b] effect of these compounds in a dark-adapted culture. Triflu operazine is only able to superinduce the 8-Br-cGMP-mediated induction of chs in light-adapted cultures. In all cases, the abun dance of chs mRNA is reflected as a mirror image in the abun dance of cab mRNA.
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Stream of it, in addition to being a positive regulator of the calcium pathway, is also a negative regulator of chs expression. Nifedipine and staurosporine have equiva lent effects to trifluoperazine in light-and dark-adapted cultures (data not shown), indicating that the effector must be either the most downstream target for these three compoimds or even farther downstream in the cal cium pathway. fnT mRNA levels showed variations much like those shown for cab (data not shown).
Utilization of aurea in microinjection experiments al lowed the study of these control mechanisms by directly manipulating the levels of the signaling molecules them selves, rather than working indirectly with inhibitors that block their action. For these experiments we wanted to keep the level of one signaling molecule constant but to vary the concentration of another from a different pathway. Initially, we chose to work with constant cGMP (75 | XM; estimated final intracellular concentra tion) and vary the levels of Ca^'^/CaM, because Ca^"^/ CaM could be used over a wide concentration range: Whereas 5000 molecules of Ca^"^/CaM are sufficient to stimulate cab-gus expression (Neuhaus et al. 1993) , we have found that injection of as much as 100,000 mole cules can be used without detriment to the cells (data not shown).
As shown previously (Table 1 ; Neuhaus et al. 1993; Bowler et al. 1994) , injection of cGMP (-75 | XM) could stimulate only chs-gus, whereas injection of -10,000 molecules of Ca^'^/CaM could stimulate only cab-gus (Table 2) . Also consistent with previous observations (Bowler et al. 1994) , when these amoimts were coinjected we found that all three reporter genes were acti vated (Table 2 ). This was also true when 5000 molecules of Ca^"^/CaM were coinjected with cGMP, although 2000 molecules were not sufficient to provoke any re sponse above the normal cGMP response (Table 2) . In terestingly, coinjection of higher amounts of Ca^"^ /CaM (100,000 molecules and also 50,000 molecules, to some extent) with cGMP had the effect of inhibiting chs-gus, in spite of continued expression of cab-gus (Table 2) . This result is therefore a direct demonstration that Ca^'^/CaM (or something downstream of it), in addition to positively regulating the calcium pathway, is also able to negatively regulate the cGMP pathway. Calmodulin not activated with calcium (CaM) had no stimulatory or inhibitory effects in these experiments (Table 2) , dem onstrating clearly the specificity of the responses for the active form of calmodulin (Ca^"^/CaM). The results also reveal that there is no negative regulation by Ca^^/CaM (or the downstream component) acting on the third cal cium/cGMP pathway, because fni-gus was still ex pressed in the presence of high levels of Ca^'^/CaM (Ta ble 2). Furthermore, immunofluorescence analysis of cells coinjected with cGMP and high levels of Ca^"^/ CaM revealed that all of the major photosynthetic com plexes were present in the plastids, although anthocyanin fluorescence was not observed (data not shown).
Negative regulation of the calcium pathway by the cGMP pathway
We then attempted to demonstrate negative regulation acting in the opposite direction, that is, to see whether high cGMP levels could inhibit signal transduction through the calcium pathway. cGMP was only able to stimulate chs-gus within a narrow concentration range Efficiency of Gus activation (expressed in %) following different treatments is shown, together with actual experimental data in parentheses (showing the total number of injections and the number of activations). Concentrations of injected materials are expressed as estimated final intracellular concentrations (Neuhaus et al. 1993) . CaM was activated by Ca^^ as described previously (Neuhaus et al. 1993) . (*) Injection of 130 JXM CGMP was toxic to the cells, as evidenced after 24 hr by increased granulation within the cell and by the absence of cytoplasmic streaming.
(30-110 JIM), above which it was toxic (Bowler et al. 1994) . We therefore coinjected different amounts of cGMP with the lowest amounts of Ca^"^/CaM, which we have found to stimulate cab-gus expression (-3000 molecules). The results of this series of experiments are shown in Table 2 . Injection of -3000 molecules of Ca^"^/CaM was sufficient to stimulate cab-gus expres sion, and when this was coinjected with 75 | XM CGMP (estimated final intracellular concentration) all three re porter genes were activated, as expected. However, when it was coinjected with 110 | XM CGMP, although the cells remained viable, cab-gus expression was now inhibited whereas chs-gus expression was activated normally. Coinjection of Ca^"^/CaM with 130 | XM CGMP was toxic. These results therefore provide a direct demonstration for negative regulation of the calcium pathway by the cGMP pathway, corroborating our data on gene expres sion from the SB-P cells. Furthermore, these results in dicate that high levels of cGMP are also able to inhibit activity of the calcium/cGMP pathway, because fnr-gus expression was inhibited, like cab-gus (Table 2) . Cells injected with 3000 molecules of Ca^"^/CaM and 110 JJLM cGMP were found to lack all of the major photosynthetic complexes, although anthocyanin fluorescence was still observed (data not shown). These results are fully con sistent with data from the SB-P cells, which indicated that the decrease in cab mRNA levels in the presence of 8-Br-cGMP (e.g.. Fig. 2 ) was also observed with fni mRNA (data not shown). These independent experi ments also indicated that it is not cGMP itself that me diates negative regulation but, rather, a component at or downstream of the genistein-sensitive step (Fig. 4) .
cGMP requirements of the calcium/cGMP pathway
The observation that high levels of cGMP could inhibit fnr-gus but not chs-gus expression led us to speculate whether fnr-gus expression may have different concen tration requirements for cGMP than does chs-gus. To this end, we coinjected Ca^"^ /CaM with low amounts of cGMP. The data from these experiments are shown in Table 2 . Although 5 JJIM CGMP (estimated final concen tration) could not stimulate chs-gus under any condi tions, when it was combined with Ca^"*"/CaM it was clearly able to activate fnr-gus, demonstrating that its expression required less cGMP than did chs-gus. We re ported previously that chs-gus requires at least 30 [IM cGMP for activation (Bowler et al. 1994) , so these results demonstrate that fnr-gus is able to be activated by con centrations at least sixfold lower. These low levels of cGMP combined with Ca^"^/CaM could stimulate the production of fully mature chloroplasts (by immunolog ical criteria) but not anthocyanin pigments (data not shown).
Discussion cGMP as a regulator of chs gene expression
Our photobiological observations using dark-adapted SB-P cells have shown that chs mRNA levels increase up to a 3-hr peak and then decline rapidly (Fig. la) , most likely because of desensitization of chs photoinduction as a result of decreasing cGMP levels. This is supported by data from Figure 2 , which shows that the exogenous addition of a membrane-permeable cGMP analog, 8-BrcGMP, can both prevent the chs desensitization nor mally observed after 3 hr in continuous light (Fig. 2a,b) and can release chs from desensitization when added to a light-adapted culture (Fig. 2c) . In each case, the fact that the expression stimulated by 8-Br-cGMP was not subsequently desensitized is also consistent with our hy pothesis, because, unlike the endogenous activator cGMP, 8-Br-cGMP is resistant to hydrolysis (Zimmer man et al. 1985) . During the normal response to light, cGMP levels could be modulated either by controlling the activity of GC or PDF, or both. The effects of the GC activator SNP and the PDF inhibitor zaprinast (Fig. 3) would indicate that there is no cGMP synthesis in dark-adapted cells and that light increases cGMP levels primarily by stim ulating GC activity. Following the stimulation of cy clase activity by light, it seems reasonable to believe that cGMP levels will rise until a point is reached when de sensitization sets in. Desensitization may be mediated by activation of PDF [because zaprinast was found to be effective in light-adapted cultures (Fig. 3b) ], but may also be a result of reduced photosensory capacity, because PhyA levels are known to be drastically reduced follow ing exposure of dark-grown/adapted cells to light (Quail 1991 ). Although we have not studied which phy tochrome is responsible for mediating the observed gene inductions in response to light, PhyA is probably the most likely candidate.
Concerning cGMP, direct evidence for its role in me diating phytochrome responses can only come from the demonstration that cGMP levels rise initially and then fall in response to light and that SNP and zaprinast can augment cGMP levels. We have made exhaustive at tempts to measure changes in cGMP in SB-P cells using a conventional radioimmunoassay but have so far been unable to detect any convincing changes. The problem is that in the absence of real-time imaging techniques (such as are available for calcium and cAMP), it is im possible to follow changes in cGMP concentration that are relevant to signal transduction (i.e., presumably rapid and cytoplasmic and/or nuclear). Notwithstanding, an increase in chloroplastic cGMP in response to light has been reported (Brown et al. 1989 ). The significance of such an increase for regulating nuclear gene expression is, however, not clear at this time.
Negative regulation of phytochrome signal transduction pathways
The expression pattern of chs indicates how changes in cGMP levels may be used for both positive (for induc tion) and negative regulation (for desensitization) of the same target gene. In addition to these "intra-pathway" control mechanisms, we would also expect the existence of "inter-pathway" or cross-talk regulation, to allow full coordination of phytochrome responses. To identify such mechanisms, we have performed experiments in which signal flow through the different pathways has been manipulated. This has been done (1) by identifying pharmacological agents that are able to block specifically either the calcium-or the cGMP-dependent pathways, and (2) by manipulating directly the amounts of the sig naling molecules themselves by microinjection.
Genistein specifically blocks the cGMP pathway downstream of cGMP ( Fig. 4; Table 1 ), while trifluoper azine, nifedipine and staurosporine can block all cal cium-dependent responses (i.e., the calcium pathway and the calcium/cGMP pathway) (Figs. 5 and 6; Table 1 ). The location of the inhibitor-sensitive components within the phytochrome signaling pathways can be mapped and their positions, based on current informa tion, are shown in Figure 8a . Although tempting to spec ulate on the targets of these compounds [it is interesting, for example, that the nifedipine-and trifluoperazine-sensitive steps map exactly to where we would predict for a calcium channel and for Ca^"^/CaM, respectively; ( Fig.  8a) ], it is currently too early to know anything about them. Nonetheless, this should in no way undermine their value nor should it complicate our interpretation, because, if nothing else, their specificity is absolutely clear at the level of their effects on the different phy tochrome signal transduction pathways, and, further more, their effects in both SB-P cells and in aurea are entirely consistent. As such, it is now possible to exam ine the consequences of specific knockouts of individual pathways. For example, a calcium pathway knockout has the effect of superstimulating chs expression, pre sumably by increasing signal transduction through the cGMP pathway (Figs. 6d and 7) . We believe that the in hibition of the calcium pathway is related to the superstimulation of the cGMP pathway (1) because trifluop erazine can augment both the normal light induction of chs and the 8-Br-cGMP-mediated induction, and (2) be cause it can affect an 8-Br-cGMP-induction only in a light-adapted but not in a dark-adapted culture, that is, only when there is a calcium current. Direct evidence for this has been obtained from microinjection experiments in aurea, in which we showed that high levels of Ca^ "^ / CaM can inhibit the cGMP-mediated induction of chsgus (Table 2) . However, while cGMP levels appear to be the primary factor for controlling chs gene expression (induction and desensitization), the negative regulation of the cGMP pathway by the calcium pathway would appear to affect primarily the induction process, because trifluoperazine and the other calcium pathway inhibitors do not appear to affect chs desensitization (Fig. 6d) .
Interestingly, negative regulation also operates in the opposite direction: In all cases when chs gene expression was stimulated artificially (e.g., by 8-Br-cGMP, SNP or zaprinast), we observed accompanying decreases in cab mRNA levels (e.g., Fig. 3b ). cab and chs mRNA abun dance are very often mirror images of one another (e.g.. Fig. 4b ). We have also confirmed these effects in micro injection experiments, by showing that the induction of cab-gus observed following injection of cGMP and Ca^'^/CaM can be inhibited if higher amounts of cGMP are used, whereas chs-gus is expressed as normal (Ta ble 2).
Which signaling intermediates could mediate these negative regulatory phenomena? It is difficult to envis age calcium and cGMP in these roles because the downregulation of cab mRNA by cGMP is sensitive to genistein (Fig. 4) and because the superstimulation of chs can be mediated by trifluoperazine, nifedipine, and stau rosporine (Fig. 6) . This is confirmed further by the fact that injection of high amounts of Ca^"^/CaM can inhibit the cGMP-mediated induction of chs-gus in auiea (Ta ble 2). Consequently, we would predict that either Ca^ "^ / CaM, something downstream of it, or both, would me diate the cross talk in one direction and that the genistein-sensitive component, something downstream of it, or both, would act in the opposite direction. These interactions are summarized in Figure 8 (b,c) . Because negative regulation is only manifested in the presence of high amounts of signaling intermediates, to us the most reasonable mechanistic model of negative regulation is that it is mediated by components that have only low binding affinities for the effector molecules. In this way, negative regulation will only begin to operate when sig nal transduction through one pathway reaches an exces sive level. Its mode of action may be either by inactivation of a positive regulator or by activation of a negative element.
Another interesting observation from these microin jection experiments is that like the calcium pathway, the calcium/cGMP pathway controlling fni-gus expres sion does not appear to be subject to negative regulation in the presence of high amounts of Ca^"^/CaM, although cGMP is able to act negatively on it when present in higher amounts (Table 2) . Again, the genistein-sensitive component (or something downstream of it, or both) is responsible for this (see Results). Most probably, there fore, the target(s) for negative regulation lies between Ca^"^/CaM and the bifurcation between the calciumand calcium/cGMP-dependent pathways (Fig. 8c) .
Reciprocal control and its physiological significance
Concerning the calcium-and the cGMP-dependent path ways, an increase in the activity of one appears to have a negative effect on the activity of the other in both cases. Because of this, we have termed this kind of regulation reciprocal control, which we define as the negative con trol of one pathway by a positively acting factor from another pathway, and vice versa. For phytochrome, its physiological relevance is likely to be at its strongest when the activity of one pathway is much greater than the activity of the other. In SB-P cells, this situation appears to occur after 3-hr (high cGMP/low Ca^"^) and 7-hr (high Ca^ + /low cGMP) light irradiation. The fol lowing scenario of events would be consistent with all of our observations. At the early time point, negative reg ulation may function to stimulate the production of photoprotectants and to concomitantly suppress the buildup of photosynthetic components, ensuring that photosyn- Trif.
-^ cab thesis does not begin in the absence of sufficient photoprotective pigments. This would explain why negative regulation by the cGMP pathway acts on both the cal cium-and the calcium/cGMP-dependent pathways, both of which are needed for the synthesis of photosynthetic components. After 3 hr, cGMP levels presumably begin to fall (switching off chs expression), by some intra-pathway mechanism, and Ca^"*" begins to rise, a phe nomenon that we would expect to further attenuate chs expression. The rise in Ca^ "^ does not, however, act neg atively on the calcium/cGMP-dependent pathway, en suring that all photosynthetic components can be syn thesized unhindered. It is well known that anthocyanin accumulation precedes chloroplast development in ger minating seedlings of several species, and this is also reflected in the levels of mRNAs encoding different com ponents. This is a phytochrome-mediated response (Brodenfeldt and Mohr 1988; Wenng et al. 1990; Ehmann et al. 1991) . At first sight, the requirement of the calcium/cGMP-dependent pathway for cGMP raises problems in this model, because we would expect cGMP levels to be low at the time when Ca^"^ levels are high. This problem could be overcome if its threshold for activation by cGMP is lower than it is for the cGMP pathway itself. Remarkably, this was found to be the case; coinjection of cGMP levels insufficient for chs-gus expression and anthocyanin biosynthesis, together with Ca^"^/CaM, re sulted in fnr-gus expression (Table 2 ) and in the devel opment of chloroplasts containing all of the photosynthetic complexes (data not shown). The requirement of anthocyanin biosynthesis for high levels of cGMP would ensure their synthesis more dur ing high irradiance conditions and would allow efficient desensitization of the genes encoding the biosynthetic enzymes as soon as they are no longer needed and when cGMP levels begin to fall. This is supported by our ob servations that in SB-P cells, several other genes encod ing anthocyanin biosynthetic components require con stant irradiation for expression, and of all the light-reg ulated genes studied (Bowler et al, 1994) they are the only ones that are desensitized (H. Yamagata, C. Bowler, and N.-H. Chua, unpubl.) . A lower threshold require ment of the PSI and Cyt.bgf components for cGMP would presumably permit their synthesis even when the cells are light adapted, ensuring that the genes encoding these components could be activated during conditions when the genes for anthocyanin biosynthetic enzymes are not.
In summary, the data presented here have revealed several interesting feedback mechanisms for controlling phytochrome signal transduction pathways. The relative activities of the cGMP-and the calcium-dependent path ways during different light conditions and at different times are probably key factors that determine the activ ities of these mechanisms. Overall, the relative push and pull between the two pathways could potentially control factors as diverse as anthocyanin-mediated photoprotection, changes in photosystem stoichiometry, and circadian rhythms, together with other light-regulated pro cesses. Continued study of these elegant regulatory phe nomena will clearly reveal novel mechanisms of cross talk between signal transduction pathways and will lead to an increased understanding of how phytochrome con trols such a complex array of plant responses.
Materials and methods
Soybean cell cultuie and RNA analysis
The soybean [Glycine max) cell culture SB-P was first described by Horn et al. (1983) . For all experiments it was grown photomixotrophically in constant light (50 ixmoles/meter per sec) in KNl medium (Lam et al. 1989) containing 5 grams/liter of su crose. Ten-to-14-day-old cultures (500 ml) were dark-adapted for 2.5-3 days prior to experimental manipulation. Such cul tures are described in the text as dark-adapted cultures. Cul tures that were subsequently exposed to light (50 jjimoles/meter per sec) for at least 10 hr are described as light-adapted cul tures. All manipulations with dark-adapted cells were per formed under green safelight conditions. Samples were col lected on filters by suction filtration and immediately frozen in liquid nitrogen.
Although we are primarily interested in phytochrome re sponses, the experiments presented here have been done with white light rather than with red light. This is because we have foxmd white light to be equivalent to red light for all the re sponses shown. Interestingly, signal transduction initiated by blue/UV photoreceptors is clearly different to what we have described here (manuscript in preparation).
RNA was prepared from frozen cells essentially as described by Lam et al. (1989) . RNA gels (10-30 (jig/lane) were blotted onto nylon filters (Stratagene) and hybridized with randomprimed probes prepared according to the manufacturers recom mendations (Amersham). Soybean cDNAs encoding cab (Wall ing et al. 1986) , chs (Estabrook and Sengupta-Gopalan 1991) , and fnr (Bowler et al. 1994) were used as probes. Filters were rou tinely stripped and rehybridized to different probes to control loading and blotting.
Treatment with chemical agonists and antagonists
To facilitate uptake of the different compounds into the cells, we have found that acid loading greatly improves reproducibil ity of the reported effects. This is especially true for 8-Br-cGMP, as we reported previously (Bowler et al. 1994) . Acid loading was performed by adding sufficient 50 | JLM HCl to lower the pH of the culture to between pH 4.0 and pH 4.5. The starting pH of a dark-adapted culture was typically about pH 6.0, whereas that of a light-adapted culture was about pH 5.5. Conveniently, we found that the cells could buffer themselves back to their start ing pH after 30 min-1 hr.
8-Br-cGMP (Sigma) was dissolved in 10% DMSO and added to the cells at 1/1000 dilutions. In the experiments reported here we used a final concentration of 50 JJLM, which we found to give a maximal response. However, all concentrations between 20 and 100 JJLM 8-Br-cGMP could stimulate chs gene expression to some extent. Concentrations above 100 i xM were never tested. These concentrations are highly similar to the concentrations found to be effective in microinjection experiments (Bowler et al. 1994) and are very similar to the endogenous concentration of cGMP in amphibian photoreceptor cells, estimated to be 60 (iM (Cote et al. 1984) .
SNP was obtained from Sigma and was dissolved in water at a concentration of 100 IUM. Zaprinast was a gift of Monsanto Co. (St. Louis, MO) and was dissolved in DMSO at 100 mM concentration. Both were used at final concentrations of 100 | xM, which we fovmd to be most effective, as has also been re ported in animal cells (Tremblay et al. 1988) . Once added, the cultures were maintained in darkness for the remainder of the experiment, even if light-adapted cultures were used. This was because both compounds appear to be light sensitive.
Genistein (Calbiochem), trifluoperazine (Calbiochem), nifed ipine (Research Biochemicals Inc.), and staurosporine (Calbio chem) were dissolved in DMSO and diluted to 1/1000 when added to the cultures. In appropriate experiments with darkadapted cells, the compounds were added under green safelight conditions and a further 30 min in darkness was allowed for entry of the compound into the cells before exposing them to hght.
Each of these inhibitors was tested at several concentrations; although lower levels generally had no effect, higher levels were either toxic or gave nonspecific inhibition of all the phy tochrome pathways. All stock solutions were prepared fresh before each experiment, and each experiment was repeated at least five times to produce essentially the same result in all cases.
Micioiniection of aurea hypocotyls
All standard techniques used for the microinjection and analy sis of aurea hypocotyls, including descriptions of the reporter genes and preparation of injection solutions, have been de scribed previously (Neuhaus et al. 1993; Bowler et al. 1994) .
For inhibitor experiments, injected seedlings were incubated in petri dishes with 2 ml of 50 | xM Tris-HCl (pH 7.0), containing the appropriate inhibitor (100 \x.u, genistein; 200 |xM, trifluop erazine; 125 | xM, nifedipine, 60 nM, staurosporine), and subse quently the seedlings were vacuum infiltrated for 1 min. The infiltrated seedlings were then incubated in light for 48 hr be fore being examined for Gus expression, chlorophyll fluores cence, anthocyanin fluorescence, or immunostaining. Genistein, nifedipine, trifluoperazine, and staurosporine were all purchased from Calbiochem and dissolved in DMSO before dilution (1/1000) to the appropriate concentrations.
